In spite of the many developments in synthetic oligonucleotide (ON) chemistry and design, invasion into double-stranded DNA (DSI) under physiological salt and pH conditions remains a challenge. In this work, we provide a new ON tool based on locked nucleic acids (LNAs), designed for strand invasion into duplex DNA (DSI). We thus report on the development of a clamp type of LNA ONbisLNA-with capacity to bind and invade into supercoiled double-stranded DNA. The bisLNA links a triplex-forming, Hoogsteen-binding, targeting arm with a strand-invading Watson-Crick binding arm. Optimization was carried out by varying the number and location of LNA nucleotides and the length of the triplex-forming versus strand-invading arms. Single-strand regions in target duplex DNA were mapped using chemical probing. By combining design and increase in LNA content, it was possible to achieve a 100-fold increase in potency with 30% DSI at 450 nM using a bisLNA to plasmid ratio of only 21:1. Although this first conceptual report does not address the utility of bisLNA for the targeting of DNA in a chromosomal context, it shows bisLNA as a promising candidate for interfering also with cellular genes.
INTRODUCTION
The availability of the complete human genome and the ongoing determination of sequence variability, both disease and non-disease causing, provide the appropriate landscape for developments in the gene manipulation field. For this purpose, DNA-and RNA-targeted molecules have been used with several different outcomes. RNA targeting through the use of antisense single-strand (ss) oligonucleotides (ONs) or small interfering RNA (siRNA) has been more generally applied to achieve down-regulation of gene expression (1) . DNA targeting, in this respect, could have a wider applicability functioning not only in gene down-regulation but also for up-regulation and even for permanent gene correction. Sequence-specific double-strand (ds) DNAbinding ONs and polyamides have been developed for these purposes. ssONs have, in this respect, been found to possess the capacity to bind to polypurinepolypyrimidine regions of dsDNA in a sequence-specific manner by targeting the dsDNA major groove and forming Hoogsteen or reverse Hoogsteen hydrogen bonds between bases (2, 3) . This mode of binding creates a triple-helix structure, and the ONs with this capacity are referred to as triplex-forming ONs (TFOs). TFOs have been used in different gene-targeting approaches such as gene down-regulation by interfering with transcription initiation (4) (5) (6) or transcription elongation (7, 8) , gene activation (9, 10) and site-directed mutagenesis and recombination (11, 12) . In the field of nucleic acid-based dsDNA-binding compounds, numerous chemistries have been used, achieving different modes of binding. Some examples are TFOs based on 2 0 -O-methyl and 2 0 -Oaminoethyl chemistry (13, 14) , PNA (peptide nucleic acid)-based ONs targeting dsDNA through triplex formation or strand displacement (15) and LNA (locked nucleic acid)-based ONs also used as TFOs (16) (17) (18) and as tools for strand displacement (19, 20) .
Despite these efforts, targeting of a specific position on an endogenous gene by the use of nucleic acids/ONs remains a challenge. The limitations for nucleic acidbased anti-gene molecules have been related to binding affinity, specificity, accessibility and cellular uptake and ON stability in vitro and in vivo. Exclusive for the TFO approach is the need for polypurine-polypyrimidine target stretches. However, such sequences are frequently found in eukaryotic genomes mainly in promoter regions but also available in intronic regions (21) (22) (23) . Interestingly, polypurine-polypyrimidine chromosomal DNA sequences that possess mirror symmetry can also form a triple-helix structure in an intramolecular manner where part of the polypurine or polypyrimidine strand acts as the triplexforming third strand (24, 25) . Binding to dsDNA through Watson-Crick base pairing by a strategy of dsDNA invasion is not hampered by sequence restrictions. It does suffer, however, from a much more complex and slower mode of action where the anti-gene ON needs to access its corresponding chromatin region and subsequently displace one of the DNA strands to form Watson-Crick base pairing with its cognate sequence. This mode of targeting, while promising, has not yet been developed into a widely used tool (15, 19, (26) (27) (28) (29) .
As mentioned above, LNA ONs have been used in antigene strategies based on both TFO and dsDNA invasion mechanisms. An LNA nucleotide contains a methylene bridge connecting the 2 0 to 4 0 positions of the ribose, which leads to a conformational restriction of the ribose sugar. This in turn results in increased hybridization affinity towards DNA and RNA (30) . These properties seem to be useful also in a TFO context. LNA-substituted TFOs show an increased triplex thermostability, although a fully LNA-substituted TFO hampers triplex stability (31, 32) . Moreover, and likely owing to the fact that a methylated cytosine is the standard building block in LNA synthesis, increased affinities are also seen at neutral pH, which is of importance for the TFO parallel motif (homopyrimidine-type TFOs) and for the efficient binding under intracellular conditions (16, 33) .
To further develop the ON-based anti-gene approach, we sought to harness the positive contributions of LNA modifications, both for TFO-and duplex-invasion modes, and incorporate them in a clamp type of construct, thereby creating a bisLNA molecule. The concept of clamp constructs was proposed before and its efficacy shown for the binding to single-stranded DNA or RNA (34) (35) (36) . This concept was further explored in the development of bisPNAs, demonstrating that ONs with this design have enhanced hybridization properties to dsDNA (37, 38) . In a series of elegant publications, it was demonstrated that the likely mechanism was an initial TFO binding, followed by duplex-strand invasion (39, 40) , that the substitution of cytosines for pseudodeoxycytosines significantly improved hybridization at physiological pH (37) and that an extension resulting in a tail-clamp construct further improved hybridization properties (41) . It was also reported that increasing the ionic strength strongly favours triplex formation over invasion, as the latter is severely inhibited by cations, and that isolated triplex complexes can be converted to specific invasion complexes without dissociation of the Hoogsteen bonds in the PNA triplex (15, 42) . This design has, to the best of our knowledge, so far not been sufficiently explored for LNA. Thus, while Hertoghs et al. (43) already in 2003 reported on a 9-mer bisLNA, this ON was less efficient than the corresponding LNAs lacking a TFO region in binding to plasmids. We now demonstrate that optimizing design and composition of bisLNA molecules is crucial for obtaining ONs with advantageous properties as compared with LNA oligomers devoid of a TFO portion. Importantly, we for the first time conclusively demonstrate the capacity of LNA molecules to achieve duplex invasion of supercoiled DNA under ion concentration and pH similar to the intracellular nuclear environment. Thus, bisLNA constitutes a highly promising tool for achieving chromosomal target recognition, enabling the development of efficient anti-gene strategies.
MATERIALS AND METHODS

Oligonucleotides
Mixmer LNA/DNA ON strands were synthesized by solid phase phosphoramidite chemistry on an automated DNA synthesizer in 1.0 mmol synthesis scale. Purification to at least 80% purity of all modified ONs was performed by RP-HPLC or IE-HPLC, and the composition of all synthesized ONs was verified by MALDI-MS analysis recorded using 3-hydroxypicolinic acid as a matrix. The ONs used in this work are presented in Table 1 .
Plasmids
The pEGFPLuc/G6 is based on previously reported G sitecontaining plasmids (44) . The G6 version contains six G sites with two bases in between. The pDel-1 plasmid containing the full human MYC promoter (45) was obtained from Addgene (Cambridge, USA). To study the influence of the flanking region surrounding the bisLNAbinding site, we also created plasmids pEGFPLuc-bisBSf and pEGFPLucbisBSr. To do this, we inserted 35 bases including the bisLNA target site from pDel-1, between the NheI and AgeI restriction sites in the 5 0 untranslated region of the reporter construct in the pEGFPLuc plasmid (Clontech). Table 2 presents a list of the used plasmids together with their corresponding target sites.
Plasmid hybridizations
The G6 plasmid at final concentration of 100 ng/ml was hybridized with different ON constructs, at different final ON concentrations (namely 0.05, 0.15, 0.45, 1.35, 4.05 and 12 mM, corresponding to a bisLNA:plasmid ratio of, respectively, 2.5, 7.6, 22.7, 68.2, 204.6 and 613.6) in low salt phosphate buffer at pH 5.8 (final buffer composition: 20 mM NaPO 4 , 20 mM NaCl, pH 5.8) in a final volume of 10 ml. Hybridizations were carried out at 37 C in an oven incubator for 16-20 h. pDel-1 plasmids and pEGFP-based plasmids containing a binding site from the human genomic MYC region were incubated under the same conditions as above (same bisLNA concentrations used) except for that an intranuclear buffer was used (final buffer composition: Tris-acetate 50 mM, (pH 7.3-7.4), 120 mM KCl, 5 mM NaCl, 0.5 mM Mg-acetate). Hybridizations were carried out at 37 C for 16 or 72 h. For pDel-1, the bisLNA:plasmid ratios, according to the concentration of bisLNA, were, respectively, 2.4, 7.1, 21.4, 64.2, 192.9 and 578.6.
Agarose Gel Electrophoresis Fluorescent Binding Assay (GEFA)
A standard curve for quantitatively analysing the binding was prepared previous to the gel run by incubating the appropriate Cy3/Cy5-ON with a complementary ON (cON) containing a single target site. The ONs were hybridized at room temperature for !16 h.
An amount of 500 ng of plasmid was loaded in the lower row of wells of an 0.8% agarose gel (0.5Â TBE) and ran for 45 min at 80 V in a Horizon 58 gel system (Biometra). Known amounts of labelled ON hybridized to cON were subsequently loaded in an upper row of wells of Cy3-tTcTtCtTtT-ctctc-ttttcttctt bisLNA-20b
Cy3-ttcttctttt-ctctc-tTtTcTtCtT bisLNA-20c
Cy3-tTcTtCtTtT-s18-tTtTcTtCtT bisLNA-20d
Cy3-tTcTtCtTtT-s18-tTtTcTtCtT (fully phosphorothioated) bisLNA-20e
Cy3-tTcTtCtTtT-s18±s9-tTtTcTtCtT TFO-LNA-20
Cy3-tTcTtCtTtT WC-LNA-20
Cy5-tTtTcTtCtT Group 2 ONs Target sequence:
Cy3-CcTtTtCtTtTtTcT-tctct-tCtTtTtTcTtTtCcCccAcgCccTctGc bisLNA-m44a
Cy3-CcTtTtCtTtTtTcT-tctct-TcTtTtTtCtTtTcCCccAcgCccTctGc bisLNA-m44b
Cy3-cCtTtTcTtTtTtCt-tctct-TcTtTtTtCtTtTcCCccAcgCccTctGc bisLNA-m44c
Cy3-CcTtTtCtTtTtTcT-tctct-TcTtTtTtCtTtTccCccAcgCccTctGc bisLNA-m44d
Cy3-cCtTtTcTtTtTtCt-tctct-tCtTtTtTcTtTtCcCccAcgCccTctGc bisLNA-m44e
Cy3-CcTtTtCtTtTtTcT-tctct-tCtTtTtTcTtTtCcCccACgCCcTCtGC bisLNA-m44-3t
Cy3-tTtCtTtTtTcT-tctct-tCtTtTtTcTtTtCcCccAcgCccTctGc bisLNA-m44-7w
Cy3-CcTtTtCtTtTtTcT-tctct-tCtTtTtTcTtTtCcCccAcgC WC-LNA-m30
Cy5-TcTtTtTtCtTtTcC WC-LNA-m44
Cy5-tCtTtTtTcTtTtCcCccAcgCccTctGc TFO-LNA-m30/44
Cy3-cCtTtTcTtTtTtCt 
In the case of multiple binding sites, only the single unit sequence is presented, as the target sequence is always the same. Italic letters represent the specific binding segment for the extended Watson-Crick arm of bisLNAs, the remaining sequence being the one targeted by the TFO arm. Underlined bases correspond to mutated bases in relation to the original plasmid used.
the same gel for the generation of standard curves. The gel was further run for an additional 15 min. Plasmid-bound ON and the standard curve ON were detected by the emitted fluorescence in a VersaDoc system (BioRad) and analysis and quantifications done using the QuantityOne software (BioRad). To verify equal loading of plasmid DNA in each well, the gel was stained a posteriori with EtBr and the signal used for normalization.
S1 nuclease assay
An amount of 250 ng of hybridized plasmid was incubated with 24 units of S1 enzyme (Promega) in a total volume of 11 ml at 4 C for 6 min. The reaction was stopped by the addition of 3 ml 500 mM EDTA. A volume of 1.5 ml of the final solution was loaded and ran in a 0.9% agarose gel (1Â TAE or 0.5Â TBE) containing SybrGold (Molecular Probes, Invitrogen). The same detection system and analysis software as described above were used to calculate the fractions of linear/nicked (n) and supercoiled (sc) plasmid present in each sample.
Restriction digestions and PAGE Electrophoretic Mobility Shift Assay (P-EMSA)
An amount of 250 ng of hybridized G6 plasmids was digested with HpaI and SspI (FastDigest, Fermentas). The digested plasmid was then loaded in a Novex 4-20% TBE polyacrylamide gel (Invitrogen) and stained after the gel run with SybrGold (Molecular Probes, Invitrogen). Detection and analysis was done as described above.
Restriction digestions and Agarose Electrophoretic Mobility Shift Assay (A-EMSA)
An amount of 500 ng of hybridized plasmid pDel-1 (16 h hybridizations with 12 mM LNA) was digested with XhoI and SmaI (FastDigest, Fermentas). The digested plasmid was then loaded in a freshly made 2% agarose TBE gel containing 2 mM MgCl 2 . The gel electrophoresis was performed at 4 C (120 V, 1 h 45 min) and stained after the gel run with SybrGold (Molecular Probes, Invitrogen).
Chemical probing
Plasmid pEGFPLuc-bisBSf (4 mg) was first incubated in intranuclear buffer (Tris acetate 50 mM, pH 7.3-7.4, 120 mM KCl, 5 mM NaCl, 0.5 mM magnesium acetate) at 37 C for 72 h in the absence or presence of either bisLNAm44 or bisLNA-m30 (4-12 mM, final volume 40 ml).
DNA chemical modification of supercoiled plasmids was then performed by adding 2% chloroacetaldehyde (CAA) to the plasmid solution (containing 1 mg of plasmid, final volume 20 ml), and the reaction was allowed to proceed for 30 min at 37 C, followed by isolation of the DNA using miniprep columns (Qiagen). The isolated DNA was then linearized using SacI FastDigest (Fermentas) for 1 h at 37 C and subjected to alkaline treatment (1 mM NaOH, 30 min, 90 C) followed by neutralization using Tris-HCl (4 ml, 100 mM, final volume 30 ml).
DNA chemical modification of linear plasmids was performed after linearization of the LNA hybridized (or control) plasmid (1 mg) using SacI FastDigest (Fermentas) for 1 h at 37 C (final volume 15 ml). The linearized plasmid was then modified by adding 2% CAA (final volume 20 ml), and the reaction was allowed to proceed for 30 min at 37 C. The DNA was isolated using miniprep columns (Qiagen), followed by alkaline treatment as described above.
The CAA-modified plasmids were used as templates for the primer extension reactions using [g- 32 C. Plasmids incubated under similar conditions, but not treated with CAA, were used as controls. Sequencing ladders were prepared by using plasmids (100 ng) cleaved by SacI and NdeI Fast Digest enzymes (Fermentas) as templates for the primer extension reaction in the presence of dideoxynucleotides (4.5 mM ddATP, 2.5 mM ddCTP, 1.0 mM ddGTP and 2.4 mM ddTTP). All samples were analysed using denaturing polyacrylamide gel electrophoresis (6%, 7 M urea, 0.5 mm) in buffer (1Â TBE) at room temperature and 1200 V, 32 mA, 4 h. A Molecular Imager FX and the Quantity One software (BioRad) were used for scanning and analysis of the gel.
Thermal melting analysis
Absorbance versus temperature profile measurements were carried out with a Varian Cary 300 Bio spectrophotometer, in quartz cells of 1 cm path length. The variation of UV absorbance with temperature was monitored at 260 nm. Preparation of samples was carried out as follows. The LNA and the target ONs (G site target ON: 5 0 -TCG ATA CGC GAA GAA GAA AAC TGC GTA CGA; MYC site target ON: 5 0 -CAA AGC AGA GGG CGT GGG GGA AAA GAA AAA AGA TCC TCT CTC GCT AAT C; binding sites are underlined) were mixed from stock solutions to make up a final concentration of the triplex of 3 mM in a solution of sodium phosphate (20 mM) at pH 5.8 for the 10-mer bisLNAs, and sodium phosphate (20 mM) at pH 7.3 for the 15-mer bisLNAs. The samples were hybridized at room temperature for 2 h. The dissociation was recorded by heating to 90 C at the rate of 0.2 C min À1 , and the association was recorded by cooling down to 20 C at 0.2 C min
À1
. The datapoints were collected every 0.1 C. Varian Cary WinUV software version 3 was used to determine the melting temperatures (T m ). T m values were determined from the first derivatives of the observed thermal transitions after smoothing of the curves. Reported values are the average of at least two experiments.
RESULTS
Binding of bisLNAs to supercoiled DNA
We set out to investigate the binding efficiencies of LNA ONs to supercoiled plasmid DNA. Initially, we evaluated the binding of 10-mer ONs (Table 1) to a plasmid containing six binding sites (BSs) (G6 plasmid) composed of an uninterrupted 10 nt purine stretch with a 2 nt interval between each site (44) . The binding was evaluated at nonphysiological binding conditions, using low salt and low pH. A 40 mM salt concentration was used, as it gave higher binding of bisLNA (data not shown) and the pH was below 7 (pH 5.8) to allow for cytosine protonation and thus improved pyrimidine-based TFO binding.
We After incubation with plasmid G6 (6 BSs) at 37 C for $16 h, binding was verified by running the plasmid in an agarose gel and compared with a standard curve. Because all ONs were Cy3-or Cy5-labelled, the signal from the hybridized plasmid could be compared with the signal from known amounts of LNA ONs in order to quantitatively determine the amount of LNA still bound after the gel electrophoresis (Supplementary Figure S1 shows examples of GEFA results).
Under standard agarose gel electrophoresis conditions, we could not detect any binding of TFO-LNA-20 or WC-LNA-20 when used separately (data not shown), but binding was observed when co-incubating both arms together with the plasmid. Around 10% of saturated binding for TFO-LNA-20 (Cy3 signal) and $28% for WC-LNA-20 (Cy5 signal) were reached at the highest concentration used (12 mM). This suggested increased stabilization when adding the unlinked TFO-and the WC-arms at the same time. However, the strongest effect was, as expected, seen when we used the two arms joined by a linker-DNA sequence, creating the bisLNA-20. In this case, 50% binding was achieved already at 0.45 mM, although the detected maximum binding did not increase beyond 65% [ Figure 1b -(i) and Supplementary Figure S1 ].
We also used a fine-tuned S1 nuclease assay (20) to quantify the amount of double-strand invasion (DSI) achieved, which should also reflect the binding efficiencies of the constructs. This assay is based on the properties of the S1 nuclease enzyme, which specifically cuts ss regions of DNA. When DSI occurs through WatsonCrick binding of the complementary DNA strand, a region of ssDNA is produced. The extent of singlestrand cleavage using S1 nuclease can then be correlated with the ability of an LNA ON construct to invade dsDNA (Supplementary Figure S2) . Cleavage of the ssDNA region was evaluated by the amount of supercoiled (sc) plasmid lost owing to conversion to a nicked (n) or linear (l) form.
In this assay, as expected, we did not obtain any DSI by using the TFO-LNA-20, but with the WC-LNA-20 it was possible to reach a maximum of 47% at the highest concentration. When co-incubating unlinked TFO-LNA-20 and WC-LNA-20, we obtained a higher DSI reaching $68% (Supplementary Figure S3) . The use of a clamp type of LNA, the bisLNA-20, is, however, clearly superior as compared with the non-linked LNA constructs, with major differences seen at lower concentrations, where 50% DSI was reached already at 0.15 mM and a maximum of 87% at the highest concentration used. This demonstrates the improved efficiency of such constructs in binding to supercoiled plasmid DNA.
Effect of LNA / DNA composition on each arm of the bisLNA construct
We next wanted to test the influence of each arm in the bisLNA construct in terms of their LNA / DNA composition. With this in mind, we tested two additional constructs, bisLNA-20a and bisLNA-20b, where all the LNA bases were substituted with DNA bases in either the Watson-Crick arm or in the TFO arm, respectively, while keeping 50% LNA content in the opposite arm ( Table 1) .
As seen in Figure 1b -(ii), bisLNA-20b having a 'full DNA' TFO arm had severely reduced binding to plasmid DNA as measured by the GEFA. At 0.45 mM concentration, where there is $50% binding of the full bisLNA construct (bisLNA-20), we only achieved $6% binding of bisLNA-20b. Maximum binding at 12 mM was, however, 54%. In the case where we used a construct with a 'full DNA' Watson-Crick arm, (bisLNA-20a), a marked reduction in the binding was seen. At 0.45 mM, 13% binding was achieved, i.e. higher than bisLNA-20b, while maximum binding was lower than that obtained with bisLNA-20b. In conclusion, having a 50% LNA-substituted bisLNA, with LNA both in the TFO-and Watson-Crick arm, is crucial for efficient DSI.
Effect of the linker region connecting the arms of the bisLNA construct
We further tested the effect of non-nucleotide-based linkers on the efficiency of the bisLNA-20 binding to plasmid DNA. The pentanucleotide linker was chosen initially on the basis of earlier experiments done by Prakash and Kool (46) . We thus substituted the pentanucleotide linker found in construct bisLNA-20 with a 1Â HEG (bisLNA-20c) of 20 atoms in length or a 1Â HEG-TEG (bisLNA-20e) of 31 atoms in length. The pentanucleotide linker, on the sole basis of atom count, would correspond to 31 atoms (six atoms per nucleotide). However, while the HEG/TEG linkers are considered to be flexible, the nucleotide-based linker should have a more constraint structure.
As seen in Figure 1b -(iii), the GEFA showed that bisLNA-20 was still the best construct despite only a marginal advantage over bisLNA-20c. The bisLNA-20e construct, with the longer flexible linker region, was, however, significantly less efficient. This result seems to indicate that having a flexible linker even with roughly the same atom length as the pentanucleotide linker is not optimal. The shorter linker may correspond to the optimal length provided by the pentanucleotide linker, which per se is more structurally rigid than an ethylene glycol-based chain (47) .
We also included in this assay a bisLNA-20 version with a fully modified phosphorothioate (PS) backbone (construct bisLNA-20d). Binding was severely reduced by the presence of the PS linkages, which goes in line with earlier reports (48, 49) .
bisLNA binding withstands linearization of sc plasmid DNA by enzyme digestion It has been reported earlier that linear LNAs can only bind to supercoiled DNA, whereby linearization of the supercoiled DNA will provoke dissociation of the previously bound linear LNA (50) . To test whether a bisLNA would resist such a 'kick-out' effect, we hybridized the LNA to plasmid DNA followed by digestion with restriction enzymes (REs). The REs were selected to cut in regions flanking the LNA BSs, which allowed us to run a PAGE assay and look for shifts of the BS-containing fragment. As seen in Figure 2 , all the bisLNA constructs withstood the plasmid digestion treatment, albeit with variable efficiency, likely correlated to their binding strength. Interestingly, we were also able to distinguish the shifts of the BS-containing fragment depending on the number of bisLNAs or linear LNAs bound (1-6 shifts that are represented by the asterisks in the picture). As expected, bisLNA-20 had the stronger binding judged by the more prominent shift of the BScontaining fragment to the positions corresponding to 5-6 LNAs bound in comparison for example to bisLNA20b, which at the highest concentration had more prominent shifts of the fragment to positions corresponding to only 4-5 LNAs bound. Neither of the unlinked TFO-LNA-20 nor WC-LNA-20 remained bound, but again, when co-incubating both, we observed weak, but detectable, shifted BS fragments. Nonetheless unlinked TFO-LNA and WC-LNA bound to the same site show a cooperative effect. This could result from local structural effects on the DNA imparted by the joint TFO-LNA and WC-LNA binding, likely related to the C3 0 -endo configuration usually adopted by ONs containing LNA bases (30) .
Unexpectedly, bisLNA-20d (full PS linkages) seemed to have unpredictable effects on the action of the enzymes, as BS fragments were lost with increasing amounts of LNA, while no shifts could be observed.
A bisLNA targeting a single site
The 10-mer bisLNAs were not effective at targeting a single BS plasmid (data not shown), which was not unexpected owing to the low T m values calculated for the Watson-Crick arm of the bisLNA ($30 C according to calculations done using LNA Oligo Prediction Tools at http://www.exiqon.com/oligo-tools). Plasmid G6 with six BSs can provide binding facilitation owing to a cooperative effect on bisLNA hybridization. Strand invasion of a first bisLNA provides an adjacent opening of the DNA double helix, allowing facilitated binding of consecutive bisLNAs. In the case of the G1 plasmid, with a single binding site, this does not happen (44) .
For the single BS sequence, we therefore increased the length of the bisLNA to 15 nt in each arm, again with $50% LNA composition (Table 1) . A targeting sequence originating from the human MYC promoter region was used to test the binding of our new 15-mer bisLNA construct, designated bisLNA-m30. The pDel-1 plasmid contains the full MYC promoter with a single complementary sequence to this bisLNA, located at the designated P1 promoter region (Figure 3a) .
We again used the quantitative GEFA; however, the incubations were now performed in a physiologically relevant intranuclear buffer in terms of salt concentrations and pH. As seen in Figure 3b (i) and Supplementary Figure S4 , we managed to obtain a weak, but still visible, binding of the 15-mer bisLNA-m30 to a single site under physiological salt and pH conditions, observing at the highest concentration tested $5% LNA bound. This result prompted us to improve on the bisLNA design, which resulted in bisLNA-m44, having an extended Watson-Crick arm with in total 29 bases. The 15-baseslong TFO arm remained unaltered, containing a stretch of 15 uninterrupted pyrimidines. The binding depicted in Figure 3b (i) clearly shows the marked improvement observed in binding efficiency, reaching at the highest value $35%. We also tested the DSI capacity of both bisLNAs by using the S1 nuclease assay and, as seen in Figure 3b (ii) and Supplementary Figure S4 , bisLNA-m44 achieved $54% DSI, while bisLNA-m30 never reached >5% at the highest concentration tested.
LNA-modified ONs are recognized to have quite long half-lives and their effects, such as in antisense approaches, are observable for periods of >3-5 days and even weeks (51) (52) (53) (54) (55) . With this in mind, we also tested the effect of prolonged (72 h) incubation on the binding and DSI. We observed [ Figure 3b (iii) and Supplementary Figure S4 ] a dramatic increase of duplex invasion for bisLNA-m44, which reached close to 80% at the highest concentration. The bisLNA-m30 ON, however, did not experience any major changes with the increased incubation time, suggesting intrinsic unfavourable properties of this construct for binding to a single site.
The influence of the length of each arm on bisLNA binding to a single site
In an attempt to reduce the length of the bisLNA, we designed two bisLNAs having either a shorter tail or a shorter TFO arm, respectively. Although the 10-mer bisLNAs were too short to be efficient at a single binding site, we thought it was possible to have a tailclamp bisLNA, shorter than the bisLNA-m44, which could still be more efficient than the 10-mer bisLNAs. As seen in Figure 4a and Supplementary Figure S5a , a construct with a seven bases shorter tail (bisLNA-m44-7w) had a poor DSI capacity (only 15% at 12 mM) as compared with bisLNA-m44 when incubated for 16 h with plasmid pDel-1. In contrast, bisLNA-m44-3t, a construct with three bases shorter TFO, was as efficient as bisLNA-m44 at low bisLNA concentration (16% at 1.35 mM) and slightly more efficient at high concentration (49% at 12 mM). The WC-LNA-m44 lacking the TFO arm was able to perform DSI at high concentration (35% at 12 mM) but is significantly less efficient (6% at 1.35 mM) than bisLNA-m44 (14% at 1.35 mM) and other constructs containing a TFO arm, at low concentration.
The influence of LNA content and position for bisLNA binding and duplex invasion
After strand invasion, both arms of the bisLNA are anticipated to be involved in the triple helix formation. As a result of the triplex formation, the LNA bases of both arms in the bisLNA can either be opposite each other or alternating. So far, no studies have been published on the stability of these different types of triplexes, and we assumed that these structures might influence the DSI rate. To study any difference in terms of the DSI, several versions of bisLNA-tail clamps were synthesized, and the characteristics of these constructs are summarized in Table 3 .
Based on the results of the S1 nuclease digestion (Figure 4b and Supplementary Figure S5b) , bisLNAm44a, with an additional LNA substitution (opposite LNAs 8TFO/8WC), was more efficient (49% at 12 mM) than the bisLNA-m44. There was no difference between the bisLNA-m44 and the bisLNA-m44b (alternated LNAs 7TFO/8WC) and bisLNA-m44c (opposite LNAs 8TFO/ 7WC) at the different concentrations. Surprisingly, the bisLNA-m44d (opposite LNAs 7TFO/7WC) showed poor strand invasion (12% at 12 mM), compared with all the other bisLNAs tail clamps. In contrast, the bisLNAm44e, with a higher content of LNA in the tail, showed a significant increase (P < 0.001) of strand invasion (53% at 12 mM) compared with bisLNA-m44 and bisLNA-m44a and was efficient at lower concentration (24% at 1.35 mM).
BisLNA binding to a single site is able to withstand linearization of plasmid DNA As previously studied for the 10-mer bisLNAs, we tested the ability of the longer bisLNAs to withstand linearization (loss of supercoiling) of plasmid DNA, when bound to a single site. Thus, a single BS plasmid was hybridized with bisLNA and then digested by REs. After running an agarose mobility shift assay, a qualitative examination of the gel bands ( Figure 5 ) showed that bisLNA-m44-3t and bisLNA-m44a seemed to have a better ability to remain bound after linearization as compared with bisLNA-m44. Although this assay is informative, it is important to point out that the agarose gel electrophoresis is a rather harsh Schematic positioning of LNA bases are shown for the first two constructs, which exemplify the two possibilities (opposite or alternated positioning) with D representing a DNA base and L an LNA base. Table 3 . LNAs were hybridized overnight at 37 C. ***P < 0.001 found for m44e versus m44 and m44e versus m44a at 12 mM (two-way ANOVA with Bonferroni posttest). assay for strand-invasion complexes, likely resulting in that a substantial fraction of the hybridized bisLNA falls off its linearized target DNA fragment during this procedure (56, 57) . Not surprisingly, bisLNA-m44-7w showed a comparatively weak, but yet, detectable band, confirming the poor strand-invasion capacity detected in the S1 assay. It is noteworthy that we could not detect any binding of WC-LNA-m44 or of TFO-LNA-m30/44 alone; however, when they were co-incubated with the plasmid, binding was detected. Taken together, these results clearly illustrate a superior ability of bisLNA to withstand linearization. It was also confirmed that the simultaneous addition of unlinked TFO-and WC arms provides binding synergy as previously demonstrated for the 10-mer bisLNAs.
Binding specificity to plasmid DNA
To test for specificity of our constructs, we used mutant plasmids, where we introduced single or double point mutations changing A bases in the target sequence into G or C, the latter disrupting the polypurine stretch used for TFO binding. The results in Figure 6a show a clear reduction of the DSI upon bisLNA-m44 binding to the mutant binding sites. When incubating pDel-1, containing the cognate BS, with 1.35 mM bisLNA-m44, a DSI of $20% was reached after 72 h incubation, whereas $9-fold higher concentration of ON was needed to reach the same level of DSI with the single-mutation plasmids.
As expected, incubation with the double-mutant plasmids further reduced the binding of bisLNA-m44 to a maximum of 12% binding efficiency at the highest concentration and with no significant differences between the two mutant plasmid constructs. Also bisLNA-m44e, having a higher percentage of LNA, was tested for specificity with plasmid pDel-1 mut_1G (which was giving the highest non-specific binding with construct bisLNA-m44), by performing incubations for 72 h (Figure 6b ). Non-specific binding only exceeded that of bisLNA-m44 at concentrations above 1.35 mM. On the other hand, bisLNA-m44e reached a DSI efficiency of 30% already at 0.45 mM while bisLNA-m44 reached the same effect at a 4-fold higher concentration. Thus, while increasing the LNA content makes the construct less discriminatory, whether this behaviour represents an impediment also in a cellular context remains to be investigated.
Effect of the flanking region
The promoter region in the human MYC gene is interesting as a potential target for anti-gene strategies. However, previous studies (58) (59) (60) have demonstrated the presence of a highly structured region upstream the P1 promoter containing either a G-quadruplex or an H-DNA conformation at a distance of 11 bp from the bisLNA binding site. To rule out any possible influence of this structure on the bisLNA DSI when using the pDel-1 plasmids (as these plasmids contain the full length MYC promoter sequence), the bisLNA-binding site lacking the adjacent G-quartet sequence was introduced into the pEGFP-Luc plasmid (Supplementary Figure S6a) . Using the same hybridization conditions, bisLNA-m44 showed comparable efficiency in terms of DSI in relation to all examined plasmids (Supplementary Figure S6b) , suggesting that bisLNA-m44 is able to achieve DSI at sequences forming canonical B-DNA. We subsequently investigated whether the bisLNA can strand-invade into another site in the genomic MYC region, located downstream of the P1 promoter and known as the P2 promoter. By targeting this site in the Del-1 plasmid, with bisLNA-m(P2)37 we were also able to achieve strand-invasion (30% after overnight incubation and 70% after 3 days incubation at 12 mM). Importantly, for this construct DSI could be detected even at 50 and 150 nM ( Figure 7 and Supplementary Figure S7 ). This result suggests that the bisLNA can be used for different homopurine stretch in the genome.
Thermal melting measurements
For technical reasons, T m measurements (Table 4) were carried out with linear DNA fragments containing the target sequence, i.e. not under DSI conditions. Among the 10-mer bisLNAs, the most stable triplex was formed with the bisLNA-20. The experiments also re-enforced that LNA modifications stabilize the triplex more when they are located in the TFO arm (bisLNA-20a) than in the WC arm (bisLNA-20b), while the introduction of LNA nucleotides in both arms (bisLNA-20) provided, as expected, the highest triplex stability. Thermal melting curves for bisLNA-20 (Supplementary Figure S8) clearly show two melting transitions, the first one, at the lower temperature, corresponding to the TFO dissociation and the second one to the Watson-Crick dissociation. This is not seen for the other 10-mer bisLNAs tested, which only presents the Watson-Crick dissociation, thus suggesting higher instability of the triplex domain.
Under the same conditions (20 mM phosphate pH 5.8), the thermal melting measurement were out of range for bisLNA-m30 and bisLNA-m44 owing to their longer sequences and their higher affinity. To measure their T m , we performed the study at intracellular pH 7.3, and low salt conditions, which should decrease binding affinity, especially Hoogsteen binding. BisLNA-m30 and bisLNA-m44 were subsequently compared with their LNA WC arm counterparts (WC-LNA-m30 and WC-LNA-m44). For bisLNA-m30, we noticed a marked T m increase (Á =+18 C) in comparison with its WC arm (WC-LNA-m30). Surprisingly, bisLNA-m44 showed no additional thermal stabilization by the TFO arm, with even a slight decrease in T m (Á = À4 C) in comparison with its WC arm alone, nevertheless as stated before the experiments were conducted in low salt and pH 7.3, which make the triplex formation less stable. The same was true when comparing with the corresponding two separate arms (WC-LNA-m44 and TFO-LNA-m30/44). On the other hand, and as expected, bisLNA-m44 showed as a slightly higher T m (Á =+3 C) when compared with bisLNA-m44-3t, which lacks three bases in the TFO arm.
Characterization of bisLNA and non-bisLNA binding to double-strand DNA To further examine LNA ON binding to supercoiled double-strand DNA, we mapped the ss regions, resulting from binding of bisLNA or the corresponding LNA devoid of the TFO portion, using a chemical probing assay.
DNA chemical modification was performed using chloroacetaldehyde treatment (CAA) (61) of plasmid pEGFPLuc-bisBSf containing a DNA target sequence derived from the MYC promoter region. CAA reacts preferably with the exocyclic amino group of adenines and cytosines, which makes the DNA more susceptible to alkali cleavage at the reacted DNA sites (62) . CAAmodified nucleotides were identified using each of the treated DNA strands as template in a primer-extension (PE) reaction using 32 P-labelled primers. Hybridization of bisLNA-m44 (12 mM, 78 h and 37 C) resulted in efficient DNA invasion and binding, in both the triplex-and Watson-Crick regions, which can be seen in Figure 8a (lane 4) as compared to controls in the absence of a DNA-binding ON (lanes 1 and 2) . In addition, we introduced controls where the DNA plasmid was targeted with bisLNA-m44 or the corresponding version devoid of the TFO portion, WC-LNA-m44, under similar conditions and then used as templates in the PE reaction without prior CAA treatment (lanes 3 and 5, respectively). These controls are used to distinguish any bands that may arise from polymerase pausing caused by the presence of remaining bisLNA-m44 or WC-LNA-m44 in the PE reaction. The distinct bands corresponding to CAA base modifications of C, A, and to some extent G, of the pyrimidine-rich strand in the presence of bisLNA-m44 clearly demonstrates formation of an ss region (D-loop) indicating a DNA-invasion event (Figure 8a, lane 4) . Furthermore, we were able to detect additional modified nucleotides (indicated as *) outside of the binding site, mainly, but not exclusively, in the 3 0 -flanking region. Moreover, CAA-base modification of the D-loop strand was also detected in DNA targeted with an LNA ON devoid of the TFO portion (WC-LNA-m44) under similar conditions (lane 6). However, the intensity of the corresponding bands is much higher in the presence of the bisLNA compared with an LNA devoid of the TFO region (lanes 4 and 6, respectively), indicating that an LNA-DNA complex is formed to a higher extent in the presence of the bisLNA (bisLNA-m44).
CAA-mediated chemical modification of DNA hybridized with bisLNA-m44 or WC-LNA-m44 was also used to examine formation of ss regions on the purine-rich (LNA-binding) strand. We detected CAA modifications at the 3 0 -end junction of the bisLNA-binding strand, indicating the presence of a short ss region (Figure 8b,  lane 4) . On the other hand, the corresponding bands were not visible in the case when DNA was targeted by WC-LNA-m44 (lane 6). Also, we detected several bands within the BS, which we believe are a consequence of polymerase pausing, as they were equally present in CAA-treated and non-treated samples in the presence of bisLNA, as shown in Figure 8b influence of LNA bases in the design of a clamp-type ON (the bisLNA) to achieve combined triplex binding and duplex invasion. In the study of Hertoghs et al., from 2003 (43) , a short 9-mer bisLNA was tested and found inferior as compared with linear LNAs. This was despite hybridizations at the non-physiological pH of 5.8, favouring binding of cytosine-containing TFOs. We have found that optimally designed bisLNAs efficiently strand-invade into supercoiled duplex DNA also under physiological pH and intranuclear ion concentration conditions.
There is already a vast literature on the behaviour of bis-type constructs using PNA-building blocks. Although this concept has been highly successful, especially under low-salt conditions, where the uncharged backbone of PNA is advantageous, there are also limitations. Thus, as reviewed by Nielsen (15) , the on-rates for bis-PNA complexes are particularly slow under physiologically relevant conditions in buffers containing intracellular K + and Mg 2+ concentrations, potentially severely compromising cellular and in vivo applications. However, as also stated in this review, biological processes, such as naturally occurring negative supercoiling, found in bacterial plasmids, or RNA:DNA hybrids, known as Rloops, observed in both prokaryotic and eukaryotic DNA under active transcription, may compensate for the slow on-rate by significantly increasing helix dynamics. Thus, DNA breathing (63, 64) is enhanced by the tension induced by negative supercoiling (65) . Moreover, in this process the DNA strand not bound in the R-loop is released from the duplex, thereby promoting its hybridization. It was recently reported that R-loop-forming sequences are found in the majority of human genes (66) and, as reviewed by Aguilera and Garcia-Muse (67), accumulating evidence suggests that R-loops form more frequently than previously anticipated.
Of importance for the interpretation of the data on bisLNAs in this report is the fact that, apart from the initial studies with the short 10-mer bisLNAs, all other experiments were carried out under intranuclear pH and ion concentration conditions. Given that this is the first study of the bisLNA concept, we aim at future improvements in both design and composition to enable efficient binding to chromosomal DNA. As an example, we have recently shown that replacing LNA with N2 0 -glycyl-2 0 -amino-LNA enhances Zorro-LNA-mediated DSI (20) . It will be interesting to see what effect such substitutions will have for bisLNAs.
In the initial studies using the 10-mer bis-oligonucleotide (bisON), we demonstrate the advantages of substituting DNA for LNA in both the TFO domain (TFO arm) and the duplex-forming domain (Watson-Crick arm). The LNA substitution was chosen to be 50%, as it was already known that a fully LNA-substituted TFO is binding with less efficiency, likely reflecting the extreme rigidity imparted by the locked C3 0 -endo configuration of the LNAs (31, 68) . Linking both TFO-and WC-binding domains generated much stronger binding, which could even withstand linearization of the supercoiled DNA. This is in contrast to mixed DNA/LNA single-stranded ONs that have been shown, in previous reports (50) and our present one, not to be able to remain bound to linear dsDNA. The results obtained with the use of the nonlinked domains suggest that the increased binding/duplex invasion is possibly not only due to the local increase of concentration when TFO and Watson-Crick arms are linked together, but could also be attributed to local conformation changes on the target DNA strand imparted by the LNA-modified TFO or duplex-binding domains. LNA-DNA duplexes have been shown previously to attain a structure similar to an A-type helix, conveyed by the N-type conformation of LNA monomers (69) (70) (71) (72) (73) . The change in conformation from S-type to N-type induced by the LNA monomers is responsible for preorganizing single-stranded LNA oligomers, thereby influencing the duplex formation with DNA resulting in the increased affinity (30) . Similarly, an LNA-based TFO seems also to prefer an A-type of helix. Thus, it was previously demonstrated that LNA is suitable for the pyrimidine motif triple helix (31) and that the DNA duplex of a triple helix, formed by an LNA-containing TFO, adopted an overall intermediate structure between A-and B-type, in order to accommodate the LNA strand (68) .
The UV melting assay revealed several aspects of bisLNA triplex formation. The dissociation and association of bisLNAs was investigated by using heating or cooling steps. The most interesting effect observed was the increase of T m induced by TFO-arm binding. In the particular case of bisLNA-m30, the derivatives for the association and the dissociation curves showed significant hysteresis. This could arise owing to the thermodynamic equilibrium between the melting curves not being reached, indicating slow steps in the association and /or dissociation reactions, which could not be overcome even for a slow ramp rate of 0.2 C/min. This phenomenon is actually not observed for the other bisLNA constructs tested, which could be attributed to significantly faster rates of triplex formation (74, 75) . Another conclusion from the melting study was that the presence of LNA in both arms is a stabilizing factor for the triplex. For that, we have compared the melting properties for bisLNA-20, with the LNA-m20a and LNA-m20b. This result is consistent with the results of GEFA (Supplementary Figure S4) and S1 assay (Supplementary Figure S3) , showing that the bisLNA-20 was the best construct owing to the presence of LNAs in both arms.
When constructing the bisLNA, we found that it was optimal to have the linker region composed of five to six DNA bases instead of non-natural linkers. Five were used in all construct with the exception of the bisLNAm(P2)37, where six nucleotides were introduced. A strict comparison between 5-and 6-nucleotide linkers was never carried out, but both provided efficient invasion. This goes in line with previous findings, where a natural nucleotide linker in the context of a full DNA-based triplex has been shown to have positive characteristics, such as favourable stacking interactions involving the loop bases and the possibility to establish stabilizing base-pairing interactions between the first/last loop bases and the base adjacent to the minimal BS (47, 76) . Thus, our results obtained with a triplex-forming bisLNA seem to follow the same pattern as observed for a DNA-based triplex in these earlier studies.
The sequence used by us has a low percentage of cytosine bases in the TFO sequence, which would in principle render it less pH dependent. At the same time, LNA-C bases are methylated, which also improves the Hoogsteen binding at physiological pH (77) . Moreover, binding at physiological conditions is certainly not only enhanced due to the stabilization effect of the LNA-bases (16), but also, likely because of the contribution of the bisLNA mode of binding.
Our findings show that bisLNA binding to dsDNA is highly efficient (80% after 72 h). It should also be noted that all plasmid preparations always contain nicked plasmids, which are not suitable targets for bisLNA DSI, and no efforts were made here to examine different experimental conditions to reach 100% binding. We believe that in vivo even longer exposure times are physiologically relevant, as many tissues cells are non-dividing over long periods of time and LNA/DNA mixmer ONs may exert effects for days or even weeks.
An interesting aspect is that the tail-clamp bisLNA-m44 showed a decent discrimination against a site with a single mutation. At the highest concentration tested (12 mM), the DSI was $18 and 21% for bisLNA-m44 incubated for 3 days with plasmid containing one purine (A) to purine (G) mutation or purine (A) to pyrimidine (C) mutation, respectively. However, for its cognate site, bisLNA-m44 reached $20% binding at 9Â lower concentration (1.35 mM). A further increase in the LNA content on bisLNA-m44e led to both an increased DSI efficiency ($4-fold at an intermediate concentration of 1.35 mM) and increased non-specific binding albeit only at the highest concentrations tested (4.05 and 12 mM) when comparing with bisLNA-m44. Although an increase in non-specific binding should be avoided, it is also true that the specificity tests used here are giving us a simplistic model. Thus, it is hard to extrapolate to possible effects in the context of a cell.
We also investigated the possibility to reduce the length of both the 'tail' and the TFO separately. While maintaining the TFO length, shortening of the tail decreases the efficiency for DSI. It is therefore likely that the bisLNA tail is crucial for efficient strand-invasion, which is also consistent with the poor DSI for bisLNA-30 lacking the 'tail'. On the contrary, shortening of the TFO arm (by only three bases) instead marginally increased the DSI capacity. It is noticed that WC-LNA-m44 (WC arm alone) is able to strand-invade without the help of the TFO arm. However, WC-LNA-m44 performs DSI with a significantly lower efficiency and more importantly, it is completely 'kicked-out' when the super-coiling is lost (e.g. owing to plasmid linearization by enzymatic digestion), while a tail-clamp bisLNA remains bound. In a cellular context where genomic DNA can, by virtue of DNA/ RNA polymerase action, unwind, it is crucial that bisLNA binding can resist this conformational change.
Undoubtedly our results point in the direction that an optimized design is necessary to exploit the full bisLNA potential for DSI and possible gene blocking capacity. We thought that a further improvement on the bisLNA design could result from the LNA-base positioning. A comparison between LNAs m44b, m44 and m44c showed the same efficiency in terms of DSI with the same total number of LNA residues regardless of their positioning. However, with bisLNA-m44a and bisLNA-m44d, we did get different DSI capacities when comparing with e.g. bisLNA-m44. A reason could be the total number of LNA nucleotides (one more LNA for m44a and one less LNA for m44d). Alternatively, it can be caused by the proximity of the LNA nucleotides to the linker (very close for the bisLNA-m44a, more separated for bisLNAm44d and intermediate for LNAs m44b, m44 and m44c) .
We have also demonstrated the ability of the bisLNA to DSI independently of the flanking region by targeting two different sites in the MYC promoter region and introducing the BS into a different plasmid and in different orientations. Thus, any polypurine-polypyrimidine site is a potential target, and this result opens the possibility for a large spectrum of applications for bisLNAs. Furthermore, we have shown that plasmid DNA targeting by bisLNA or by a non-TFO-containing LNA ON results in DSI and formation of a D-loop. Chemical probing using CAA base modification enabled us to map the site of formation of the single-strand region with one nucleotide resolution. Our results demonstrate that bisLNA (bisLNA-m44) is more efficient in targeting duplex DNA than the corresponding LNA devoid of a TFO arm (WC-LNA-m44) (Figure 8a ). Also, we observed few bands indicating possible CAA modification within the DNA target site of the WC-LNA-m44, which suggests that a less stable LNA-DNA complex is formed in the presence of WC-LNA-m44 (Figure 8b ).
DSI represents a major challenge for synthetic ONs though several highly interesting studies demonstrating anti-gene effects of non-triplex-forming ONs based on PNA or LNA chemistry exist (28, (78) (79) (80) . However, direct evidence for DSI is frequently lacking, and, to the best of our knowledge, until now PNA is the chemistry for which there has been the strongest evidence for robust DSI.
In conclusion, increasing the target sequence from 10 to 15 bases made it possible to achieve robust DSI under intranuclear ion concentration and pH conditions. Compared with the first used regular bisLNA-m30, adding the tail in the bisLNA-m44 tail-clamp construct enhanced DSI 25-fold, and increasing the LNA content in the tail caused a further improvement by a factor of 4. This means that we have already achieved a 100-fold increase in potency by combining changes of the design and in the LNA content of the bisLNA. Moreover, using this enhanced bisLNA, 30% DSI was obtained at a concentration of 450 nM, corresponding to a bisLNA:plasmid ratio of only 21:1 (Figure 6b ). This is highly promising for future in vivo studies, as in each cell there are only one or two target sites, one on each chromosome, and we expect to be able to achieve significantly higher ratios when treating cells.
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